Abstract: Preferential transport in adsorptive memperative parametric pumping (Grevillot, 1986; Huang branes can be used to selectively remove biochemicals and Hollein, 1988; Sweed and Rigaudeau, 1975 
solutes. If an oscillatory flow is used in conjunction with
cells are retained by the membrane. This technique was used to separate lysozyme directly from a feed containing a macroporous adsorptive membrane, selective or preflysozyme, myoglobin, and yeast cells. We found that beerential transport of the adsorbing species can occur cause the oscillatory flows used in preferential transport through the membrane. Nonadsorbing solutes are reinvolve strokes that are close to symmetric, they are very jected by the membrane along with particles larger than efficient in alleviating cake formation due to cell deposithe membrane's pore size. The mechanism of cell rejection on the membrane surface. Theoretical results suggest that, by optimizing process variables, preferential tion is simple filtration while the rejection of nonadtransport can lead to a continuous concentrated stream sorbing solutes is due to the cyclical convective flow. containing an adsorbing solute, A, and a nonadsorbing solute, B, is fed into the membrane. During this halfcycle, A adsorbs to the surface of the membrane while INTRODUCTION B remains in the membrane void. In the second half of In situ product removal (ISPR), the removal of a biothe cycle, a solute-free desorbing solution is fed into chemical product from the vicinity of a cell as it is being the membrane in the reverse direction. In this half-cycle, produced by that cell, can be advantageous in a number B is transported back to the membrane's left side while of situations. For example, ISPR can be used to continu-A desorbs but stays within the interior of the membrane. ously remove a toxin that either inhibits cell growth or This desorbed A is transported across the membrane in degrades an extracellular product. Additionally, ISPR the first half of the next cycle. In this way, the nonadcould be employed for the removal of a product that is sorbing solute is ''rejected'' by the membrane while the labile in a cell broth or exhibits feedback regulation on adsorbing solute is preferentially transported through product yield. Freeman et al. (1993) pointed out that the membrane. there is a need for further development of ISPR techOur previous studies on preferential transport foniques for the recovery of high molecular weight prodcused on studying the separation of an adsorbing protein ucts such as proteins.
from a nonadsorbing protein in a semicontinuous appaAn integrated separation process that combines cell ratus. However, preferential transport has the potential separation (microfiltration) and selective solute separaof continuously removing a protein from a feed contion (ion exchange, affinity, etc.) can be used for ISPR.
taining not only other solutes but also suspended partiIn previous studies (Agrawal and Burns, 1996a,b) we cles. A continuous separation system can be constructed proposed that one of the two separation modes of recuusing two stirred reservoirs separated by an adsorptive membrane stack (Fig. 2 ). In such a configuration, the Figure 1 . Preferential transport in an adsorptive membrane. In the first half of a cycle, the adsorbing solute A adsorbs to the membrane surface while the nonadsorbing solute B remains in the membrane void. In the second half of the cycle, B is ''rejected'' by the membrane while A desorbs but stays within the desorption front. In the first half of the next cycle, this desorbed A is preferentially transported across the membrane. Proposed configuration for in situ product recovery using preferential transport. Using preferential transport through adsorptive membranes, an adsorbing solute A can be selectively and continuously removed from a feed containing cells and other nonadsorbing contaminants such as B. The oscillatory flow used to accomplish preferential transport performs a dual role. First it generates alternating adsorbing and desorbing conditions for the selective transport of A through the membrane; second it causes turbulence close to the membrane surface and alleviates cake formation.
flux typically encountered when processing cell suspen-
sions (Belfort, 1989; Kroner et al., 1984; Matsumoto et al., 1987; Redkar and Davis, 1995) .
where the adsorbent capacity, Q m,i , and equilibrium The purpose of this study was to determine the effect constant, K m,i , are functions of the desorbent concentraof suspended cells in the feed stream on the performance tion. These functions can be written (Antia and Horof a continuous protein recovery system based on prefvath, 1989) as erential transport. We experimentally investigated the effect of oscillatory flows on the filtration of suspended Equations (1)- (4), combined with the appropriate The model consists of internal mass balances (mass balinitial and boundary conditions, were dedimensionaances within the membrane) and external mass balances lized and yielded the following dimensionless parame-(mass balances on the continuous contactor).
ters:
, which is the isotherm linearity parameter for species i; ␦ i ϭ Q max m,i /C i,0 , which is the dimensionless membrane capacity for species i; and
Internal Mass Balances
Pe i ϭ u a L/E i , which is the Peclet number for species i. The internal mass balances for recuperative parametric pumping in adsorptive membranes were presented in External Mass Balances detail elsewhere (Agrawal and Burns, 1996a) and will First the volumetric balances are given in Equations be discussed only briefly in this section. In the model, (5)-(10) followed by the mass balances in Equations the membrane is considered to be isothermal and homo-(11)-(14). Next, the reservoir volumes that vary with geneous with a uniform cross-sectional area, A, porosity, time due to the oscillatory flow are mathematically de-, and thickness, L. The mass balances of a solute, i, scribed in Equations (15)- (18). Finally, the key dimenand of the desorbent, d (if the adsorption of the desorsionless parameters that form the basis of design are bent onto the membrane is negligible), for the adsorbing given; design results are presented in the next section. stroke (first half of a cycle) are given by Equations (1) The oscillatory flow in the continuous contactor is and (2), respectively. given by
where is the frequency of oscillations and V s is the stroke volume. As we mentioned in earlier studies (Agrawal and Burns, 1996a,b) , an asymmetric oscillatory flow is required for optimal separations. Such an where C i and Q i are the concentrations of the species i asymmetric flow can be obtained by superimposing a in the pore and on the surface, respectively; C d is the net convective flux (q c ) through the membrane on top of concentration of the desorbent in the pore, E i and E d the oscillatory flow. The magnitude of the net convective are the axial dispersion coefficients for species i and flux is obtained from the value of the ratio of the addesorbent, respectively; and u a is the interstitial velocity sorbing stroke volume to the desorbing stroke volume during the adsorbing stroke. The mass balances for the (V s,a /V s,d ). desorbing stroke are also given by Equations (1) and (2), except that the velocity during the adsorbing stroke, u a , is replaced by the velocity during the desorbing
stroke, u d , and the dispersion coefficients are evaluated at u d .
If local equilibrium is assumed and multicomponent After fixing the value of q c , the flow rates are all fixed effects are neglected (both reasonable assumptions;
by simple volumetric balances given by the following Agrawal and Burns, 1996a) , the concentrations of the equations: species i in the pore, C i , and on the surface, Q i , can be related using single component Langmuir isotherms q s,a ϭ q s ϩ q c , 
of initial left reservoir volume to membrane void volume, and V 0 R /V m is the ratio of initial right reservoir
volume to membrane void volume. where q 0 , q D , q L , and q R are the flow rates of feed,
Equations (1)- (18) were solved using finite difference desorbent, left product, and right product streams, retechniques with the appropriate boundary conditions. spectively.
Note that all parameters used in the model were deterAfter determining the volumetric flow rates, the folmined independently. lowing mass balances are solved. Note that the mass balances change for each half-cycle because the direc-MATERIALS tion of flow is reversed. Mass balances during the adsorbing stroke for the left and the right reservoirs, reLysozyme (L 6876), myoglobin (M 1882), Saccharospectively, are given by myces cerevisiae (Bakers Yeast, YSC-2), and sodium azide (S 2002) were purchased from Sigma Chemical
Company (St. Louis, MO). Potassium chloride (3040-01), dibasic anhydrous sodium phosphate (3828-01), and concentrated hydrochloric acid (9535-01) were pur- and deionized in a Barnstead Nanopore II deionizer (D solute i in the feed, desorbent, left product, and right 3700). The buffer used in all the experiments was 0.02M product, respectively, and V L and V R are the volumes of Na 2 PO 4 at pH 7.5. The membrane chromatography carthe left and the right reservoirs, respectively. Similarly, tridge (CICM10H01) was purchased from Millipore mass balances during the desorbing stroke for the reCorporation (Bedford, MA). This cartridge is a stack spective left and the right reservoirs are given by of cation-exchange membranes with a bed volume of 1.4 mL (0.5 ϫ 1.9 cm i.d.) and a porosity of 0.825. The
cartridge provides a 1.2-m macroporous network of cellulose modified with carboxymethyl groups with an ion-exchange capacity of about 0.68 meq (manufactur-
. (14) er's data). The 0.22-m Millex-GV filters (SLGV 025 LS) were purchased from Millipore. Prior to use in exThe sum of the reservoir volumes at a given time is periments, all solutions were filtered using 0.22-m Durfixed; however, the individual reservoir volumes, V L and apore filters (GVWP 047 00), which were also purchased V R , vary with time. For example, during the adsorbing from Millipore. stroke, solution flows from the left reservoir to the right reservoir and so V L decreases while V R increases. It is important to note that the reservoir volumes do not METHODS change from one cycle to the next even though they change within each cycle. If the pump that generates Solute Concentration Measurements the oscillatory flow gives rise to a square wave and the oscillations start with an adsorbing stroke, then the The concentrations of lysozyme and myoglobin were reservoir volumes during the adsorbing stroke are determined by measuring the absorbance at 280 and given by 410 nm, respectively, whereas the concentrations of KCl were determined by measuring conductivity on a VWR were Pharmacia UV-1 monitors equipped with flow cells
of path length 10 mm and chamber volume of 8.7 L.
Preferential Transport Apparatus The key dimensionless parameters that emerge after dedimensionalization of Equations (5)- (18) The apparatus used to conduct preferential transport separations is shown in Figure 3 . The apparatus conis the ratio of oscillatory flow to feed flow, q d /q 0 is the sisted of the following: the membrane cartridge, two left UV monitor and into a beaker while the protein flow was diverted to a beaker (effectively shutting off HPLC pumps (HPX), two 3-way solenoid actuated pinch valves (G-98301-22), two 2-way solenoid actuated the protein pump). These cycles were continued until there was no change in the amounts of protein collected pinch valves (G-98301-01), a time delay relay (G-20602-30) connected to a DC power supply (6284A, Hewlett from one cycle to the next in the two effluent streams. The experiments described above were conducted unPackard), two UV monitors connected to a computer, and four beakers. Two 75 psi (518 kPa) back-pressure der several different conditions, depending on whether the experiment was used to study filtration, integrated regulators (P-749), two 100 psi (690 kPa) pressure relief valves (U-456), and two 0-100 psi (0-690 kPa) pressure separation, or continuous separation. For the integrated separation experiments, the feed solution consisted of gauges (9225) were attached in between the HPLC pumps and the 3-way solenoid actuated pinch valves lysozyme, myoglobin, and yeast; the membrane system consisted of a 0.22-m Millex-GV filter attached in se-(not shown in Fig. 3 ). All tubing used in the apparatus was 1/16 in. o.d. The HPLC pumps, back-pressure reguries onto the feed side of the membrane cartridge. For filtration experiments, the feed solution consisted of lators, and pressure relief valves were purchased from Rainin Instrument Co. (Emeryville, CA). The solenoid yeast and only the 0.22-m Millex-GV filter. In addition, for the filtration experiments peristaltic pumps rather valves and the time delay relay were purchased from Cole-Parmer Instrument Co. (Chicago). The pressure than HPLC pumps were used to generate the oscillatory flows and the UV monitors were disconnected from the gauges were purchased from Alltech Associates, Inc. (Deerfield, IL).
apparatus. The Millex-GV filters were discarded after each integrated separation or filtration experiment.
Continuous separation experiments were also conPreferential Transport Experiments ducted in the same way as described earlier except for the following modifications. The reservoirs conThe membrane, UV monitors, and all the tubing were initially equilibrated with the buffer solution and the taining the feed solution and the desorbent solution had flows into and out of each reservoir. Also, the desired cycle time was set on the timer. The experiment then proceeded as follows. During the first half-cycle, tubes carrying the waste from the feed pump and the effluent from the desorbent pump were immersed into the feed solution was pumped through the membrane and the right UV monitor into a beaker while the desorthe feed solution reservoir, while the tubes carrying the waste from the desorbent pump and the effluent bent flow was diverted into a beaker (effectively shutting off the desorbent pump). During the second half-cycle, from the feed pump were immersed into the desorbent solution reservoir. desorbent was pumped through the membrane and the
Membrane Cartridge Cleaning and Storage
this study, the membrane filter and the membrane cardetectable protein in the eluent. Typically, this occurred tridge, the results of this study also apply to a single after flowing about 30 mL of 0.5M KCl. At the end of adsorptive membrane stack designed for processing the day, the membrane cartridge was flushed with 25 feeds containing suspended particles. mL distilled and deionized water and then with 10 mL of a 0.02% sodium azide solution in deionized water before storage at 4ЊC.
Filtration with Oscillatory Flow
Filtration with oscillatory flow involves asymmetric strokes in which a volume of feed solution (V s,a ) con-RESULTS AND DISCUSSION taining suspended particles is fed into a membrane folIn an earlier study on a semicontinuous apparatus lowed by a volume of particle-free solution (V s,d ) fed (Agrawal and Burns, 1996b) , we found that by using in the reverse direction. The reverse stroke removes preferential transport, lysozyme is selectively removed the suspended particles that may have collected on the from a mixture of lysozyme, myoglobin, and yeast cells membrane surface during the forward stroke, thereby (Fig. 4) . Note that the membrane system used for the alleviating cake formation. This phenomenon has been separation shown in Figure 4 consisted of a 0.22-m shown in previous work and is illustrated by the results filter placed in series with the ion-exchange membrane shown in Figure 5 . When a solution containing 1% dry cartridge. We found that this decoupling of the filtration weight yeast is filtered with unidirectional flow (or and selective transport operations increased the lifetime V s,a /V s,d ϭ infinity), the pressure drop across the memof the adsorptive membrane cartridge without signifibrane increases very rapidly. In contrast, when oscillacantly affecting the flux of solute; for the preferential tory asymmetric strokes are used with V s,a /V s,d ϭ 4, the transport of lysozyme, experiments with and without rate of increase in pressure drop is significantly less. the 0.22-m filter produced similar results.
During oscillatory flow, the effect of shear rate tangenThis study explores two specific areas of this separatial to the membrane surface on the pressure drop across tion system. First, the effect of the oscillatory flow on the membrane is small relative to the effect of paramesolute and convective flux in the presence of suspended ters such as the ratio of forward to reverse strokes cells and the ability of this type of flow to alleviate cake (V s,a /V s,d ). formation is investigated. Second, design considerations Oscillatory flow filtration and preferential transport for a continuous separation system based on preferential both rely on an oscillatory flow field to enhance the is lower than that for unidirectional flow.
performance. Therefore, we can apply the cake-reduc-7 shows experimental results in which solutions of 1-10% dry weight yeast were processed using oscillatory ing technology of oscillatory filtration with the selective extraction properties of preferential transport to form flows with V s,a /V s,d ϭ 1. As expected, the pressure drop across the membrane increases with increasing cell conan integrated separation process. The most significant difference when considering combining these two syscentration. However, for all cell concentrations, the increase in pressure drop is not substantial. For the highest tems is found in the magnitude of V s,a /V s,d . In typical oscillatory flow filtration studies, the ratio of the forward cell concentration studied, the pressure drop rapidly increases to 7 psi (48 kPa), but after reaching 7 psi the stroke to the reverse stroke is on the order of 10-100 (Redkar and Davis, 1995) . On the other hand, in preferrate of increase is low. The slow rate of increase suggests that a relatively large volume of solution containing 10% ential transport this ratio is on the order of 1 (a typical value is 1.02; Agrawal and Burns, 1996a) . cells could be processed by preferential transport. Note for comparison that the oscillatory flows used in filtraIn preferential transport, the low net convective flux tion studies are typically conducted with 1% cell soluthrough the membrane allows large volumes of solution tions (Redkar and Davis, 1995) . to be processed (i.e., fed to the membrane unit) without
In addition to V s,a /V s,d and cell concentration, another dramatically increasing the pressure drop across the important variable that controls the rate of increase in membrane. This fact is illustrated in Figure 6 ; the figure pressure drop is the amplitude of the oscillations (V s,a ). includes the data shown in Figure 5 except that the data Figure 8 shows that the rate of increase of pressure drop is expressed in terms of processed volume rather than increases as the amplitude of oscillations increases. For permeate volume. Figure 6 shows that even with example, for a processed volume of 60 mL, for V s,a ϭ V s,a /V s,d ϭ 4, the rate of increase of pressure drop is 5.1 mL, the pressure drop increase is 9 psi (62 kPa); for large (Ȃ0.25 psi/mL, 1.73 kPa/mL). On the other hand, V s,a ϭ 0.85 mL, the increase is only 0.5 psi (3.4 kPa). when V s,a /V s,d ϭ 1, the rate of increase in pressure drop is
The amplitude of oscillation (V s,a ) is important in preferdrastically lower (Ȃ0.01 psi/mL; 0.07 kPa/mL), implying ential-transport separations because for a given system that with V s,a /V s,d ϭ 1, large volumes of cell-containing there is an optimum ratio of oscillation amplitude to solutions can be processed. Note that this ''processing'' membrane void volume (V s,a /V m ) that leads to maxirefers to selective extraction and not total cell filtration; mum adsorbing solute flux (Agrawal and Burns, 1996a) . for solute recovery with efficient extraction, cell removal Filtration experiments were conducted with feed soluis not necessary.
tions containing lysozyme and myoglobin in addition to Using oscillations in which the forward stroke volume cells. These experiments were conducted because past is close to the reverse stroke volume, we can process studies (Marshall et al., 1993) indicated that membrane solutions that contain high cell concentrations. void volume (V s /V m ) and the ratio of adsorbing stroke volume to the desorbing stroke volume (V s,a /V s,d ). This section focuses on examining a continuous contactor [described by Equations (5)- (18)] that uses preferential transport and presents the effects of process variables, such as flows into and out of the reservoirs and the reservoir volumes, on the quality of the separation obtained. The effects of process variables on the continuous separation are measured in terms of concentration, selectivity, and recovery. Concentration is defined as the ratio of the concentration of adsorbing solute in the right product stream to that in the feed stream. Selectivity is defined as the ratio of the amount of adsorbing solute issuing from the right reservoir to the amount of nonadsorbing solute issuing from the right reservoir. Finally, recovery is defined as the ratio of the amount of adsorbing solute contained in the right product stream to the amount of adsorbing solute fed into the left reser- we obtained is that, by using a low desorbent flow rate, the adsorbing solute can be obtained in a concentrated product stream. In other words, the concentration of fort, 1989). Our experiments with lysozyme and myothe adsorbing solute in the product stream can be higher globin showed that the increase in pressure drop due than that in the feed stream. Figure 9 shows that when to fouling by adsorption or precipitation is small relative the dimensionless desorbent flow rate (q d /q 0 ) is about to the increase in pressure drop due to yeast. For exam-0.01, a product stream about 2.5 times as concentrated ple, upon filtering 100 mL of solution containing lysoas the feed stream in the selectively transported solute is zyme and myoglobin without cells, we found that presobtained. Additionally, if the media has a Peclet number sure drop increased by only 2 psi (13.8 kPa). On the (Pe) of 2 ϫ 10 4 , a product stream about 7 times as other hand, upon filtering 100 mL of the solution containing cells and protein, we found that pressure drop increased by 16 psi (110 kPa). These results suggest preferential transport can be used for the continuous separation of a single protein from a solution that contains other proteins as well as cells.
Process Variables Affecting Continuous Separation
The semicontinuous apparatus shown in Figure 3 was converted to a continuous apparatus similar to that shown in Figure 2 (see Materials and Methods). Our previous studies (Agrawal and Burns, 1996a,b) focused on the internal phenomena occurring in preferential transport [described by Equations (1)-(4)] and determined the effects of process variables, such as stroke volumes and solute concentrations on either side of the membrane, on the flux of solutes through the membrane. Our previous studies also showed that theoretical results obtained from the internal mass balances agreed with experimental results and that they predict the optiwe can obtain a continuous concentrated stream of the adsorbing solute. All parameters used to generate this figure are given in Table I. mal values for the ratio of stroke volume to membrane concentrated as the feed stream is obtained. Note that for Pe ϭ 2 ϫ 10 4 , the value of V s /V m was kept at 0.95 rather than 0.8 because as Pe increases, the optimum value of V s /V m that gives the highest adsorbing solute flux also increases (Agrawal and Burns, 1996a) .
To obtain a concentrated stream, the desorbent concentration fed into the right reservoir must be adjusted so that the concentration in the right reservoir is close to the optimal concentration. For example, for q d /q 0 ϭ 0.01, the concentration of KCl fed continuously into the right reservoir was 1.05M so that the concentration in the right reservoir was maintained close to the optimal 0.35M. We showed earlier (Agrawal and Burns, 1996b) that an optimal concentration exists, because at high desorbent concentration the entire membrane is nonadsorbing; alternatively, for low desorbent concentration the entire membrane is adsorbing. The appropriate desorbent concentration fed into the right reservoir can be determined a priori by conducting a simple mass It is important to note that the backflux of desorbent creased, a lower selectivity is obtained; therefore, the oscillatory flow from the right to the left side of the membrane would has to be optimized according to process requirements. All parameters eliminate any concentration effect. However, the conused to generate this figure are given in Table I. centration of the product in the separations discussed above is possible because there is negligible backflux of the desorbent; i.e., there is negligible flux of desorbent from the right reservoir to the left reservoir. The concencartridge used in this study. Packed beds typically have Peclet numbers that are higher than adsorptive memtration of KCl in the left reservoir is only between 10 Ϫ4 and 10
Ϫ6 times the concentration of desorbent fed to branes (Coffman et al., 1994) and are in the range 3 ϫ 10 4 to 10 6 (Phillips et al., 1988) . Therefore, packed beds the right reservoir. The negligible backflux of desorbent is advantageous because it does not lower the membrane could lead to better separations than adsorptive membranes. A packed bed can also be used in an integrated capacity. Additionally, because of negligible backflux, the required volume of desorption buffer could be reseparation process by attaching a filter in series with the packed bed so that the cells do not clog the bed. duced by recycling the desorbent to the right reservoir in the configuration shown in Figure 2 .
However, such a filter can be expected to increase the dispersion in the packed bed but will not significantly This concentration of solute in the product stream obtained at low desorbent flow rates does not affect the affect the separation. To estimate this increased dispersion effect, we modeled the filter as a continuously selectivity and recovery significantly. For the simulation results shown in Figure 9 in which the dimensionless stirred tank reactor (worst case). From our modeling results we found that as long as the filter volume is less oscillatory flow was fixed, the selectivity for Pe ϭ 10 3 was 2.5, while the recovery was 5%; also, the selectivity than 1% of the packed bed volume, there is negligible decrease in the adsorbing solute fractional flux and a for Pe ϭ 10 4 was 6.8 and the recovery was 13%. Higher recoveries can be obtained by using high dinegligible increase in the nonadsorbing solute fractional flux. mensionless oscillatory flow rates (Fig. 10 ). For example, by using a dimensionless oscillatory flow (oscillatory The dimensionless left and right reservoir volumes do not affect recovery, selectivity, or concentration sigflow/feed flow) of about 10, the recovery is about 39%. Also, for Pe ϭ 2 ϫ 10 4 , recovery is much higher (ȁ61%).
nificantly. However, the dimensionless reservoir volumes significantly affect the number of oscillations Note that the high recoveries obtained at the high oscillatory flows come with a slight decrease in selectivity.
taken to attain coherence. For example, the number of oscillations taken to attain coherence is about 35 when For example, for Pe ϭ 2 ϫ 10 4 , as we increase q s /q 0 from 0.1 to 10, recovery increases from 1.6 to 61%, while V L /V m is 1 and about 70 when V L /V m is 20 (q s /q 0 ϭ 1, q d /q 0 ϭ 0.1, V 0 R /V m ϭ 1, all other parameters are given the selectivity decreases from 8.0 to 3.7. Therefore, the ratio q s /q 0 has to be optimized according to process in Table I ) implying that the time taken to attain coherence can be kept small by keeping the dimensionless requirements.
Figures 9 and 10 show that higher concentration, sereservoir volumes as low as possible. Commercially obtained membranes can be stacked so that membrane lectivity, and recovery can be obtained by using media that have a higher Peclet number than the membrane void volumes can easily be on the order of 10 mL; flow to feed flow ratio was fixed at a value of 1 in Lysozyme concentration in feed C A,0 ϭ 4.0 mg/mL order to give high selectivity and recovery (Fig. 10) likely due to the limitations of our experimental appastrength ratus.
Unless otherwise indicated, these parameters were used in all experiments and simulations.
CONCLUSIONS
Preferential transport can lead to an integrated separatherefore, the reservoir volumes should be set at 1-100 mL, values that are plausible.
tion process that combines the steps of filtration, adsorption, and desorption. This integrated process was used Modeling results were used to chose parameters for the experimental continuous separations. The desorbent to separate lysozyme directly from a feed containing lysozyme, myoglobin, and yeast. In separate experiflow to feed flow ratios were fixed at low values (Ȃ0.1) in order to give a concentrated product stream (Fig. 9) . ments we found that because the oscillatory flows used in preferential transport involve strokes that are close These values, however, were still much higher than the 
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to symmetric (forward and reverse stroke volumes are similar in magnitude), they are very efficient in alleviat-␣ affinity parameter of the Langmuir isotherm (dimensionless) ing cake formation. 
